Background-Brugada syndrome is a potentially serious channelopathy that usually presents in adulthood and has only rarely been described in infancy. In the absence of metabolic or structural cardiac disease, rapid ventricular tachycardia (Ͼ200 bpm) and primary cardiac conduction disease are uncommon in infancy. We hypothesized that infants having rapid ventricular tachycardia and conduction abnormalities and not having structural or metabolic pathogeneses were likely to have mutations in depolarizing current channels. Methods and Results-A retrospective review of all clinical materials from a single institution over a 9-year period from all infants Ͻ2 years old and having a discharge diagnosis of ventricular tachycardia or ventricular fibrillation was performed. Among 32 infants fulfilling inclusion criteria, 12 had a structurally normal heart, and 9 of them had either prolonged QRS duration or Brugada pattern while in sinus rhythm. Of those 5 infants not having a definitive pathogenesis, electrophysiological testing had been performed in 4, and genetic testing had been performed in all 5 of those infants. During electrophysiological testing, a prolonged HV interval was present in 2 of 4, inducible ventricular tachycardia was present in 1 of 4, and a type 1 Brugada pattern was induced by intravenous procainamide in 3 of 4. Genetic testing revealed disease-causing mutations in depolarizing sodium (SCN5A) or calcium (CaCNB2b) channels in all 5 infants. Conclusions-Infants having rapid ventricular tachycardia and conduction abnormalities in the absence of structural or metabolic abnormalities are likely to have disease-causing mutations in cardiac depolarizing channels. (Circulation. 2012;125:14-22.)
B rugada syndrome (BrS) is a potentially serious cardiac channelopathy first described as a new clinical entity in 1992. 1 The diagnosis of BrS is based on electrocardiographic and clinical criteria. Although it is usually diagnosed in adults Ͼ30 years of age, it has been identified in children 2 and, rarely, in infants. 3 In the absence of a previously diagnosed family member, BrS typically presents as polymorphic ventricular tachycardia (VT) with syncope or sudden death, or it is suspected from incidental electrocardiographic findings. BrS has been associated with mutations in 11 different genes. More than 300 mutations in SCN5A (Na v 1.5, BrS1) have been reported in 11% to 28% of BrS probands. 4, 5 Mutations in CACNA1C (Ca v 1.2, BrS3), CACNB2b (Ca v ß2b, BrS4), and CACNA2D1 (Ca v ␣2␦, BrS9) are found in approximately 13% of probands. 6, 7 Mutations in glycerol-3-phophate dehydrogenase 1-like enzyme gene (GPD1L, BrS2), SCN1B (␤ 1 -subunit of Na channel, BrS5), KCNE3 (MiRP2; BrS6), SCN3B (␤3-subunit of Na channel, BrS7), KCNJ8 (BrS8), KCND3 (BrS10), and MOG1 (BrS11) are more rare. 8 -14 These genetic defects cause a loss of function of I Na or I Ca , or a gain of function of I to or I K-ATP.
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Ventricular tachycardia (VT) is an uncommon arrhythmia in people Ͻ18 years of age, with a published incidence of 1.1 per 100 000 patient-years. 15 This figure drops to 0.6 per 100 000 patient-years after excluding patients having coexisting structural heart disease. 15 Therefore, VT in children generally results in a comprehensive evaluation for potential etiologies.
Following an index case at Duke University Medical Center of rapid VT in an infant who was later demonstrated to have a structurally normal heart, intraventricular conduction delay while in sinus rhythm, and abnormal genetic testing compatible with BrS, it has been our practice to search for depolarizing channel gene mutations in all subsequent infants having a similar clinical phenotype. This report is based on a 9-year experience with all infants Ͻ2 years of age having rapid VT (Ͼ200 bpm). We then focused on the comprehensive evaluations of those 5 infants having, in addition, intraventricular conduction delay while in sinus rhythm and a structurally normal heart.
Methods

Patient Population
This retrospective descriptive study analyzed clinical information at Duke University Medical Center from all patients Ͻ2 years of age at presentation who had the diagnosis of ventricular tachycardia or ventricular fibrillation (VF) based on discharge diagnosis ICD-9 codes during the years 2001 to 2008. Historical information of interest included presence of congenital structural cardiac defects, prior cardiac surgery, presence of any form of cardiomyopathy, infectious disease evaluation, metabolic evaluation (including electrolyte abnormalities), and toxicological evaluation. Features of interest from the family history included sudden unexplained death (including sudden infant death syndrome [SIDS]), known BrS, recurrent syncope, recurrent seizures, and history of prior implanted pacemaker or implantable cardioverter-defibrillator (ICD). All electrocardiograms, electrophysiological testing results, clinical courses, and genetic testing results were analyzed.
Definitions
For the purposes of this study, Brugada-like syndrome was diagnosed under the following circumstances: 1) standard diagnostic criteria of BrS were met, including coved ST segments in 2 of 3 V 1 through V 3 leads (type 1 pattern), 16 or conversion of saddleback ST segment pattern (type 2 pattern) 16 to coved pattern in 2 of 3 V 1 through V 3 leads following intravenous procainamide infusion at 10 mg/kg, plus any one of the following: documented VF, documented self-terminating polymorphic VT, syncope, history of unexplained sudden death before 45 years of age in a first-degree family member, or history of coved ECG pattern in a first-degree family member (when available) 17 or 2) presence of rapid VT, defined as rate Ͼ200 bpm, plus all of the following: (a) intraventricular conduction delay, defined as a QRS duration z score Ͼ2 for age and not having a classical right or left bundle branch block pattern; (b) structurally normal heart by echocardiography; and (c) negative evaluation for infectious, metabolic, and toxicological pathogeneses of VT. Serial echocardiograms were performed in patients having diminished left ventricular shortening fraction during or immediately following termination of VT. The possibility of Brugada-like syndrome was only considered if the left ventricular systolic function normalized.
This investigation was approved by the Duke University Medical Center Institutional Review Board.
Genetic Analysis
All exons and intron borders of sodium and calcium channel genes, including SCN5A, SCN1B, SCN2B, SCN3B, SCN4B, CaCNB2, CACNA2D1, and CACNA1C were amplified with intronic primers and sequenced in both directions to probe for mutations, with the use of an ABI PRISM 3100-Avant Automatic DNA sequencer (Applied Biosystem. Foster City, CA). The flanking primers used for PCR were published previously or designed with Oligo software (Molecular Biology Insights, Inc., Cascade, CO) and are available on request.
The degree to which variations uncovered are conserved among species was determined using VISTA browser (http://pipeline.lbl.gov/cgi-bin/gateway2).
Results
Between January 2001 and November 2008, 32 patients fulfilled the inclusion criteria of age Ͻ2 years and rapid VT or VF. Twenty had known structural heart disease, and 9 of the remaining 12 had intraventricular conduction delay or Brugada pattern (coved) ( Figure 1 ). Of those 9, 2 had myocarditis (1 diagnosed by polymerase chain reaction from endomyocardial biopsy specimen and 1 from viral culture), 1 was diagnosed with Barth syndrome, and 1 had had a tricyclic antidepressant (TCA) intoxication. The clinicans caring for the infant having tricyclic antidepressant intoxication did not consider the possibility that she might have increased vulnerability to impaired depolarization due to an underlying channelopathy. Hence, no further work-up was instituted. Among the 3 patients who had VT or VF and a normal QRS duration while in sinus rhythm, final diagnoses were long QT syndrome, fascicular VT, and idiopathic VT (nϭ1 each).
The ages at presentation, sexes, presence of fever at presentation, arrhythmias and clinical signs at presentation, and other arrhythmias of the remaining 5 patients are presented in Table 1 . As best as could be determined by history, none of these infants were related. None of these infants had fever at the time of initial VT or presumed arrhythmic event. However, patient 4 had received his 6-month immunizations earlier on the day of his presenting VT. Three infants presented with lethargy and pallor, and 1 had syncope while sitting in a flotation device in a swimming pool. The fifth patient, patient 1, had experienced a persistent fetal atrial tachycardia, variously described as chaotic atrial tachycardia and atrial flutter. Family histories were negative, except for patient 2, whose brother who died suddenly at 20 months of age. Patient 5 was adopted from Ecuador, and his family history was limited.
The VT from patient 2 ( Figure 2 ) is representative of the presenting tachycardias from patients 2, 3, and 4. Patient 1's initial atrial flutter was treated with a single dose of intravenous amiodarone 5 mg/kg over 30 minutes and within 60 minutes of delivery. This resulted in asystole requiring brief transcutaneous pacing. Ventricular fibrillation occurred multiple times over the next 8 days in the absence of further antiarrhythmic drugs ( Figure 3 ). This infant was receiving various combinations of intravenous epinephrine, milrinone, and vasopressin for hypotension and reduced left ventricular function. A composite of the 12-lead ECGs during sinus rhythm from these 5 patients-and in the absence of antiarrhythmic drugs (except for any residual amiodarone effect in patient 1)-is shown in Figure 4 .
Prior to institution of chronic antiarrhythmic drug therapy, electrophysiological testing was performed on patients 2, 3, 4, and 5. This included interval measurements, programmed ventricular stimulation (up to 3 ventricular extrastimuli down to a minimal coupling interval of 180 ms, and from one pacing site), and intravenous infusion of procainamide (to a maximum of 15 mg/kg over 30 minutes). The results appear in Table 2 . An example of a positive response to procainamide appears in Figure 5 . Although the baseline QRS duration was prolonged, there was an abrupt additional QRS broadening with J-point elevation (arrows in Figure 5 ).
Each of these 5 infants had at least 1 disease-causing mutation in the genes coding for the sodium channel alpha subunit (SCN5A) or the calcium channel ␤-subunit (CaCNB2b). None of these mutations were found in Ͼ300 control alleles from ethnically matched healthy individuals. The mutations from 3 of the 5 patients have been previously described. 5, 18, 19 Patient 3, who had mutations in both genes, also had the longest QRS duration while in sinus rhythm ( Figure 4 ). In addition to a CaCNB2b mutation, patient 5 had an additional mutation in the KCNE1 gene, a known cause of type 5 long QT syndrome. 19 The results from genetic testing are shown in Table 3 and Figure 6 . Table 4 includes therapies and clinical follow-up from these 5 patients. Patient 1's episodes of spontaneous VF while in the intensive care unit completely abated following the first dose of enteral quinidine gluconate. Her family discontinued the quinidine approximately 3 months after hospital discharge. She has moved from the region, but we have learned that she remains well. Patient 2 developed extreme QRS prolongation during administration of quinidine, so it was discontinued. The choices of propranolol in patients 3 and 4 and of mexiletine in patient 3 were based on the apparent termination and control of VT by intravenous esmolol and lidocaine and by esmolol alone in these 2 patients, respectively.
The families of all patients were counseled prior to discharge and at follow-up outpatient appointments to aggressively treat fevers with ibuprofen and acetaminophen. They were also counseled to pretreat their children with ibuprofen or acetaminophen just prior to immunizations. At last followup, and using this strategy, all children were up-to-date with their immunizations, and none had associated fevers. The appropriate implantable cardioverter-defibrillators (ICD) discharge in patient 2 was identified during routine telemetry 5 months after the event and had occurred at 1:00 AM. The family had no recollection of an illness or nocturnal awakening on that date. Patient 3's ICD discharge occurred during fever related to otitis media. In all 3 infants who had received ICDs with epicardial pace/sense leads and high-voltage conductors, the acute and chronic ventricular pacing thresholds were unexpectedly high. The shock vectors included an active can in the anterior abdominal wall and a transvenous high-voltage lead (single coil) attached to the posterior parietal pericardium. Because defibrillation was not accomplished at an energy 10 joules less than the device's maximal output, patient 4 also required placement of an epicardial patch in an anterior subcutaneous location. In follow-up, 2 of these 3 patients (patients 2 and 3) had experienced 1 appropriate ICD discharge each, 1 during a febrile illness (patient 3). Patient 3 experienced fracture of his high-voltage coil 18 months after initial implantation, requiring the addition of an epicardial patch in a left lateral subcutaneous location and abandonment of the original coil. Fifteen months later, he suffered 3 inappropriate ICD discharges due to both atrial and ventricular pace/sense lead fractures, requiring replacement of both leads. At surgery, due to inability to defibrillate the heart during testing at maximal device output, the original high-voltage coil was replaced, finally enabling a 10-joule safety margin. The defibrillation thresholds of patients 2 and 4 have remained at least 10 joules less than their devices' maximal outputs.
Discussion
Our main finding from this observational investigation is that loss-of-function mutations in depolarizing channels may present as rapid monomorphic VT, VF, or syncope in infants having an intraventricular conduction delay or coved ST segment pattern while in sinus rhythm. When these 2 criteria alone were satisfied, at least 5 of 9 patients (56%) had loss-of-function mutations in L-type calcium or sodium channels. Genetic testing was not performed for the remaining 4 patients because alternate diagnoses had been confirmed. Of those 4, 1 infant who had TCA intoxication might have increased vulnerability to sodium channel-blocking agents. Going forward, we would recommend investigation of any such infant. The a priori strategy of the electrophysiology team to only perform genetic testing based on the aforementioned criteria mitigated a more complete investigation among infants having rapid VT or VF, a structurally normal heart, and normal QRS duration and morphology while in sinus rhythm. Later, 1 of those 3 children was discovered to have a disease causing loss-of-function mutation in the KCNH2 gene. If none of these 32 infants had 2 unrelated cardiac conditions, the presence of rapid VT or VF and intraventricular conduction delay or coved ST segment pattern in sinus rhythm had a predictive accuracy of 100% for a depolarizing channel gene mutation. The simple diagnosis of rapid VT or VF in an infant not having an alternate confirmed diagnosis and irrespective of QRS and ST segment morphology was at least 71% sensitive (5 of 7) for a mutation in a depolarizing channel.
The combination of VF, rapid VT, ventricular flutter, syncope, or positive family history of ventricular arrhythmias with right bundle-branch block pattern, Brugada pattern, or Figure 3 . Lead II rhythm strip from patient 1 on postbirth day 9 while still critically ill and receiving intravenous epinephrine and milrinone infusions. Illustrated is sinus rhythm with a premature ventricular contraction, followed by an idioventricular couplet initiating polymorphic ventricular tachycardia that degenerated rapidly to ventricular fibrillation. positive procainamide/ajmaline test has been described in 20 infants Ͻ3 years of age within 15 families in 12 separate reports. 2,3,20 -29 SCN5A gene mutations were found in 7 families. 2, 3, 21, 25, 26, 28, 29 Some of these infants fell into the SIDS age range, officially defined as 1 month to 1 year of age. The remaining infants in these reports, similar to 2 of the patients in our series, likely represent an arbitrary age extension of SIDS or near-SIDS. Based on the genetic autopsy or family history studies, Ackerman et al has estimated that 5% to 10% of SIDS is related to mutations in the ␣-subunit of the SCN5A gene or in the channel-interacting proteins, caveolin3, and GPD1-L. 30 We believe that the patients in our series fall well within this disease spectrum.
The electrocardiographic Brugada pattern is not specific for BrS in adults. In infants, the fatty acid oxidation disorder, medium chain acyl-CoA dehydrogenase deficiency, 31 and rapid infusion of the anesthetic agent propofol 32 have been reported to create the electrocardiographic Brugada pattern, and both have been implicated in ventricular tachyarrhythmias. An even longer list of etiologies of nonspecific QRS duration lengthening, especially myocardial ischemia, hyperkalemia, and sodium channel-blocking drugs, mandates a thorough metabolic and toxicological evaluation prior to genetic testing for a channelopathy.
The typical patterns in the right precordial leads associated with BrS are thought to be caused by an exaggerated phase 1 or notch in the action potential of right ventricular epicardium. Phase 1 of the action potential is due to activation of the transient outward current (I to ), giving rise to a notch that is much greater in right ventricular epicardium versus endo-cardium, thus creating a transmural gradient across the ventricular wall, which inscribes the normal J wave. Reduced depolarizing currents can exaggerate this transmural gradient and accentuate the J wave, thus creating the familiar Brugada pattern. Depending on lead positioning, the accentuated J wave may appear as an ST segment elevation or an accentuated rЈ in the right precordial leads or in aVr (especially in the presence of a loss-of-function mutation in the SCN5A channel). 33 In our 5 cases, patients 3, 4, and 5 displayed an ST-segment elevation or prominent rЈ in V 1 and/or V 2 , whereas patients 1 and 2 displayed a prominent rЈ in aVr. However, a classical BrS pattern was only present in patient 5.
Progressive conduction system disease is another clinical phenotype resulting from certain SCN5A gene mutations. Patients 1, 2, 3, and 4 in our series had findings compatible with this diagnosis: diffusely prolonged QRS complexes while in sinus rhythm, additional QRS duration prolongation from quinidine (patient 2), high ventricular pacing thresholds (patients 2, 3, and 4), and prolonged HV intervals (patients 2 and 3). Favoring the diagnosis of BrS was the J-point elevation during procainamide infusion in patients 2, 3, and 4. Also, patient 1's QRS duration normalized during quinidine effect. Moreover, 3 of the 4 missense mutations uncovered in our patients (patients 1, 2 and 5) have previously been associated with BrS in adults ( Table 3 ). The nonsense mutation in SCN5A in patient 4 as well as the combined sodium and calcium channel gene mutations in patient 3 lead to a loss of function in the respective currents (Barajas and Antzelevitch, unpublished data), consistent with the substrate known to underlie the development of a BrS phenotype.
Normal developmental changes in channel density and function could contribute to the absence of a classical Brugada pattern in 4 of our patients. There is relatively less I to density in immature rodents, 34 rabbits, 34 and dogs 35 compared with mature animals. Similar information is not available in humans, but, if present, could explain why type 1 or type 2 patterns were not observed in our patients. This possibility does not explain the diffuse QRS prolongation observed in our infants and in infants from other reports. 2, 20, 21 An intriguing explanation is related to the depolarization disorder hypothesis of the BrS pattern and pathophysiology. 36 This hypothesis is supported by the finding of areas of prolonged, low-amplitude electrograms in the right ventricular outflow tract of some affected adults. Local catheter ablation has even been shown to eliminate the BrS phenotype and reduce HC indicates highly conserved amount species; GK, guanylate kinase domain; and HK, hook region. *Q270K-SCN5A-previously reported as a Brugada syndrome mutation. 5 †Previously reported as mutation associated with Brugada syndrome and cardiac conduction disease. 18 ‡Previously reported as a Brugada syndrome mutation. 19 arrhythmia burden. 37 Given that the infant human heart has a greater right ventricle-to-left ventricle mass ratio compared with the mature heart, it could be argued that the mass of conduction slowing could be proportionately greater and therefore more generally effect the QRS duration. Alternately, the mere fact that these patients developed VT at such young ages may indicate such a severe global reduction in depolarizing currents that gross conduction delay exists even at sinus rates. These observations notwithstanding, it is noteworthy that patient 5, the only patient displaying a classical BrS phenotype, had a calcium channel mutation that does not lead to a slowing of conduction. We propose the term "Brugada-like" to describe what may be a heterogeneous electrophysiological milieu in this small group of infants. Pharmacological therapy for BrS has been largely limited to quinidine because of its I to current blocking effect. This drug had a clearly ameliorative effect on patient 1 but not on patient 2. The apparent termination of VT during administration of esmolol (␤-adrenergic blocking drug) in patients 3 and 4 requires explanation because ␤-adrenergic stimulation improves function in voltage-gated sodium and L-type calcium depolarizing channels. Hence, ␤-adrenergic blocking agents would be expected to further reduce conduction velocity, favoring a reentrant mechanism. 27 However, if the tachycardia wavelength was sufficiently lengthened by esmolol, due to disproportionate prolongation of refractoriness, tachycardia could be expected to terminate. Adding to the complexity of the interactions between defective depolarizing channels and sympathetic stimulation is the role of usedependence. Simple slowing of the sinus rate by ␤-adrenergic blocking drugs may ameliorate rate-dependent conduction delay. In a recent case report by Chockalingam et al of a toddler with life-threatening VT and an SCN5A loss-offunction mutation, this was the postulated favorable effect of high-dose metoprolol. 38 The apparent acute efficacy of intravenous lidocaine in patient 3 and the subsequent use of mexiletine in that patient require explanation, as these drugs are also not conventional therapies for BrS. Lidocaine is thought not to influence the Brugada phenotype in patients harboring loss-of-function depolarizing channel mutations. However, expression studies from specific mutations have shown either exacerbation 39 or suppression 40 of the Brugada phenotype. Because our knowledge of channel kinetics-drug interactions for each encountered mutation is insufficiently complete, the inclusion of lidocaine as a therapy option in these critically ill infants seems reasonable.
Fever is a well-described accompaniment of ventricular arrhythmias in children having BrS. 2, 26 None of these 5 Figure 7 . A proposed treatment schema for infants presenting with rapid ventricular tachycardia and having intraventricular conduction delay while in sinus rhythm, based on the presumption that they have Brugada-like syndrome. infants had fever during initial VT, VF, or syncope occurrences based on parental report and hospital records, although patient 4's VT may have occurred related to undetected fever, as he had just received immunizations. The presenting ages of these patients and subsequent durations of follow-up encompassed the peak ages of initial childhood exposure to infectious agents that typically result in febrile illnesses, and minor febrile illnesses were, in fact, known to have occurred in these youngsters. That 3 of these 5 patients have had a symptomfree course 22-128 months after their initial events may be related to the normal developmental changes in autonomic innervation of the heart. In several mammalian species, progressive postnatal sympathetic cardiac innervation, in particular ␤-adrenergic innervation, is linked to increased density of L-type calcium and sodium channels. 41 These changes would be expected to shift the balance of current during the early phases of the epicardial action potential in the inward direction, thus preventing the development of the arrhythmogenic substrate underlying BrS. Despite this rationale, other authors have recommended that affected children be hospitalized for telemetry during any febrile illness and even immunizations. 38 Based on the present limited experience, we agree with that approach for children not having an ICD and for those whose family is unreliable in administration of antipyretic therapy. ICD implantation in infants is known to be fraught with a higher than expected incidence of complications, including inappropriate shocks, lead fractures, and need for early reoperation. 42 Patient 3 highlights these issues. However, in our small series of 5 children, life-saving device discharges were documented in 2, including 1 late at night. Until reliable pharmacotherapy can be established in this difficult and probably heterogeneous patient group, device therapy seems reasonable to the extent that it can be physically accomplished.
A summary schema of therapy for infants having rapid ventricular tachycardia and in whom intraventricular conduction delay is present while in sinus rhythm is shown in Figure 7 .
Conclusions
Infants having rapid ventricular arrhythmias and intraventricular conduction delay while in sinus rhythm may have a loss-of-function depolarizing channel mutation, especially in the absence of other structural or functional heart disease. We consider their clinical phenotype to be Brugada-like, because there are differences from classical adult BrS and from many reports of childhood BrS. Although their intermediate-term follow-up is mostly favorable, additional life-threatening arrhythmias may occur.
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